Applicability of ATR–UV Spectroscopy for In Situ Monitoring of Residual Alkali in a Pilot-Scale Kraft Digester: Proof-of-Concept and Benchmarking Against Conventional Methods

Background and Motivation
Effective control of residual alkali (effective alkali, EA) during kraft pulping is critical for ensuring consistent delignification kinetics, pulp quality, and chemical efficiency. Conventional monitoring relies primarily on offline ABC titration and conductivity-based measurements, which are time-consuming, susceptible to interference from dissolved species, and partially unsuitable for true real-time process control. Studies in attenuated total reflection ultraviolet (ATR–UV) spectroscopy demonstrate the capability for online, in situ quantification of hydroxide, sulfide, dissolved lignin, and total dissolved solids (TDS) in kraft liquors without sample dilution. Chai et al. (2003) reported successful integration of flow injection analysis (FIA) with ATR–UV to mitigate probe fouling and achieve stable, multivariate calibration-based monitoring of EA and sulfide during laboratory pulping. A complementary study demonstrated that ATR–UV responses can be exploited to quantify TDS in both weak and strong black liquors, enabling indirect tracking of liquor composition changes through refractive index effects.

Objectives
The primary objective of this thesis is to evaluate the feasibility of ATR–UV spectroscopy for in situ monitoring of residual alkali (EA) in a pilot-scale kraft digester. Specific goals are to:
1. Evaluate the usability and analytical performance of available ATR–UV/FIA systems for offline measurements of black liquors obtained from kraft cooking experiments.
2. Develop and validate multivariate calibration models (partial least-squares, PLS, regression) for the prediction of residual alkali under varying cooking conditions and liquor compositions.
3. Benchmark ATR–UV-based measurements against conventional reference methods, including ABC titration and online conductivity sensing, with respect to accuracy, response time, robustness, and operational stability.
4. Assess the technical feasibility of implementation of an ATR–UV/FIA system on a pilot-scale digester recirculation line for real-time, in situ monitoring of effective alkali, sulfide, and dissolved lignin.



Methodology
Black liquor samples will be collected from controlled kraft cooking experiments on a pilot digester conducted under varying active alkali charge, sulfidity, and temperature profiles. The usability and analytical performance of available ATR–UV/FIA systems will first be evaluated in offline mode by assessing spectral stability, repeatability, and sensitivity to matrix effects and probe fouling. Multivariate calibration models based on partial least-squares (PLS) regression will be developed for the prediction of residual alkali and validated against reference values obtained by ABC. ATR–UV results will be benchmarked against conductivity-based measurements in terms of accuracy, response time, and robustness. Based on these results, the technical feasibility of implementing an ATR–UV/FIA system on a pilot-scale digester recirculation line for real-time, in situ monitoring of effective alkali, sulfide, and dissolved lignin will be assessed.

Expected Outcomes and Significance
The project is expected to demonstrate whether ATR–UV spectroscopy can provide reliable, real-time residual alkali measurements at pilot scale with accuracy comparable to titration and improved temporal resolution over conductivity-based methods. The results will clarify operational limits related to the method, supporting the development of advanced process control strategies for kraft pulping based on continuous chemical profiling rather than time-based cooking endpoints.
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